et al.. Biochemical characterization and modulation of LH/CG-receptor during human trophoblast differentiation.: LH/CG-R in human trophoblast differentiation.ABSTRACT Due to the key role of the human chorionic gonadotropin hormone (hCG) in placental 1 development, the aim of this study was to characterize the human trophoblastic luteinizing 2 hormone/chorionic gonadotropin receptor (LH/CG-R) and to investigate its expression using the in 3 vitro model of human cytotrophoblast differentiation into syncytiotrophoblast. We confirmed by in 4 situ immunochemistry and in cultured cells, that LH/CG-R is expressed in both villous 5 cytotrophoblasts and syncytiotrophoblasts. However, LH/CG-R expression decreased during 6 trophoblast fusion and differentiation, while the expression of hCG and hPL (specific markers of 7 syncytiotrophoblast formation) increased. A decrease in LH/CG-R mRNA during trophoblast 8 differentiation was observed by means of semi-quantitative RT-PCR with two sets of primers. A 9 corresponding decrease (~ 60%) in LH/CG-R protein content was shown by western-blot and 10 immunoprecipitation experiments. The amount of the mature form of LH/CG-R, detected as a 90-kDa 11 band specifically binding 125 I-hCG, was lower in syncytiotrophoblasts than in cytotrophoblasts. This 12 was confirmed by Scatchard analysis of binding data on cultured cells. Maximum binding at the cell 13 surface decreased from 3511 to about 929 molecules/seeded cells with a Kd of 0.4 -0.5 nM. 14 Moreover, on stimulation by recombinant hCG, the syncytiotrophoblast produced less cyclic AMP 15 than cytotrophoblasts, indicating that LH/CG-R expression is regulated during human villous 16 trophoblast differentiation. 17
Human chorionic gonadotropin (hCG) belongs to a family of glycoprotein hormones, which 20 includes lutropin (LH), thyrotropin (TSH) and follitropin (FSH). These hormones composed of two 21 non-covalently linked subunits, alpha () and beta (), are active on bicatenary form. The -subunit is 22 common to all glycoprotein hormones, whereas the -subunits confer the hormonal specificity (Pierce 23 and Parsons, 1981) . Alpha hCG is encoded by a single gene and ßhCG by six genes, one of which, 24 CGß5, is predominantly expressed in the placenta (Bo and Boime, 1992) . HCG is essential for the 25 initiation and maintenance of early pregnancy. After implantation, hCG is produced by the placenta 26 and mainly by the trophoblast (Hoshina et al., 1985; Kliman et al., 1986; Muyan and Boime, 1997, 27 Handschuh et al., 2006) . It is used as a diagnostic marker of pregnancy.
28
The human placenta is characterized by extensive invasion of the trophoblast in the maternal 29 uterus, creating direct trophoblast contact with maternal blood (haemochorial placentation). In early 30 pregnancy, mononuclear cytotrophoblasts (CT) proliferate and invade the maternal endometrium to 31 form the anchoring villi. (Aplin, 1991) . Cytotrophoblasts also differentiate into a multinucleated 32 continuous layer known as the syncytiotrophoblast (ST). This cell layer, which covers the chorionic 33 villi, is bathed by maternal blood in the intervillous spaces from early gestation (Richard, 1961;  34 Midgley et al., 1963; Boyd and Hamilton, 1970; Benirschke and Kaufmann, 2000) . This 35 syncytiotrophoblast is multifunctional, but its primary functions are exchange of oxygen, nutriments, 36 removal of waste products and hormone production. The syncytiotrophoblast secretes hCG in large 37 amounts, directly into the maternal blood bathing the chorionic villi in the intervillous space.
38
The mechanisms underlying villous trophoblast differentiation remain largely to be explored.
39
Syncytiotrophoblast formation in vivo and in vitro arises from villous cytotrophoblast fusion and 40 differentiation. Several factors modulate villous trophoblast differentiation, including EGF (epidermal 41 growth factor) and EGF receptor expression (Morrish et al., 1987; Alsat et al., 1993) , hypoxia (Alsat et 42 al., 1996) , cAMP-dependent protein kinase (PKA) (Keryer et al., 1998) , granulocyte-macrophage 43 stimulating factor (Garcia-Lloret et al., 1994) , transforming growth factor  (TGF) (Morrish et al., 44 4 1991) and oxidative stress due to overexpression of copper zinc superoxide dismutase (Frendo et al., 45 2000a (Frendo et al., 45 , 2001 . The molecular mechanisms underlying trophoblast membrane fusion are poorly 46 understood. Proteins involved in cell adhesion (cadherin 11) (Getsios and MacCalman, 2003) and cell-47 cell communication (connexin 43) (Frendo et al., 2003a) are known to be directly involved. We 48 recently demonstrated the direct involvement of syncytin I, a human endogenous retroviral envelope 49 glycoprotein (Frendo et al., 2003b) , and the presence of syncytin 2, restricted to some villous 50 cytotrophoblasts (Malassiné et al, 2006) .
51
Several studies suggest that hCG stimulates villous trophoblast differentiation by acting on the 52 LH/CG-R (Shi et al., 1993; Cronier et al., 1994; Yang et al., 2003) . This receptor, which has seven 53 transmembrane domains, belongs to the superfamily of G protein-coupled receptors (Pierce and 54 Parsons, 1981; Loosfelt et al., 1989; McFarland et al., 1989; Minegishi et al., 1990) . The LH/CG 55 receptor gene has been cloned in pig, mouse, rat and human; in humans it is composed of 11 exons 56 and 10 introns, and its coding region is over 60 kb long (Segaloff and Ascoli, 1993) . HCG binding to 57 its receptor activates adenylate cyclase, phospholipase C and ion channels, which in turn control 58 cellular cAMP, inositol phosphates, Ca 2+ and other secondary messengers (Gudermann et al., 1992;  59 Hipkin et al., 1992) .
60
The presence of LH/CG-R in human placenta was first described by Alsat (Alsat and Cedar, 61 1974) and has since been confirmed by other authors (Reshef et al., 1990; Lei and Rao, 1992) .
62
Inhibition of LH/CG-R expression by specific antisense oligodeoxynucleotides during cytotrophoblast 63 culture results in time-and concentration-dependent inhibition of cytotrophoblast differentiation,
64
showing that hCG, via its receptor, is an autocrine and paracrine regulator of human placental 65 syncytiotrophoblast formation (Yang et al., 2003) .
66
Most of the studies actually done, have used transfected cells with cDNA from LH/CG-67 receptor in rat or mouse models. In human, the characterization and the modulation of LH/CG-R 68 expression during syncytiotrophoblast formation is poorly documented. Here we used the 69 physiological model of cultured primary human trophoblasts (Kliman et al., 1986; Frendo et al., These studies were performed in agreement with our local ethics committee and with written informed 81 consent of patients. Third trimester placentas were obtained immediately after iterative Caesarian 82 section from healthy mothers delivered at 35-39 weeks of amenorrhea. First trimester placentas (7-12 83 weeks of gestation) were collected following legal voluntary interruption of pregnancy from women 84 who gave their written informed consent. Cytotrophoblasts were isolated as previously described 85 (Alsat et al., 1993) . After sequential trypsin (0.25%)/DNase I digestion followed by Percoll gradient 86 centrifugation (Frendo et al., 2003a) , the cells were further purified by negative selection to obtain a 87 trophoblast preparation not contaminated by other cells, by using a monoclonal anti-human leukocytic 88 antigen A, B and C antibodies (W6-32HL, Sera Lab, Crawley Down, UK) according to a published 89 method (Schmon et al., 1991; Cronier et al., 2002) . This antibody reacts with most cell types (e.g. 90 macrophages, fibroblasts, extravillous trophoblasts) but not with villous cyto-or syncytiotrophoblast.
91
Cytotrophoblasts were diluted to a final density of 2.7x10 6 cells in 3 ml of minimum essential medium To detect desmoplakin, LH/CG-R, hCG, cytokeratin 7 and hPL, cultured cells were rinsed with PBS, 124 fixed and permeabilized in methanol at -20°C for 8 min. Alternatively, cultured cells were fixed with 125 4% paraformaldehyde at 4°C for 20 min. After washing once with PBS, the remaining free aldehyde 126 groups were blocked by adding 50mM NH,Cl for 10 min. A polyclonal anti-desmoplakin (AHP320, 127 Serotec, Oxford, UK at 2.5 g/ml), two polyclonal anti-LH/CGR (LHR-K15 and LHR-H50, Santa 7 Cruz Biotechnology Inc, CA, USA, at 2 µg/ml), two polyclonal anti-hCG (A0231, DAKO © , Glostrup, 129 Denmark at 2 g/ml and SC-7821, Santa Cruz Biotechnology Inc, CA, USA at 2g/l), a monoclonal 130 anti-cytokeratin 7 (M7018, DAKO © , Glostrup, Denmark, at 2.6 g/ml), or a polyclonal anti-hPL 131 (A0137, DAKO © , Glostrup, Denmark, at 1.6 g/ml) was then applied (table 1), followed by 132 fluorescein isothiocyanate-labeled goat anti-mouse IgG, or fluorescein isothiocyanate-labeled goat 133 anti-rabbit IgG (Jackson Immuno Research, Baltimore, USA at 1:150), or Alexa 488-labeled donkey 134 anti rabbit (Molecular probes Inc, OR, USA at 1:400), or Texas red labeled donkey anti goat (Jackson 135 Immuno Research, Baltimore, USA at 1:400), or Cy TM3 goat anti-rabbit IgG, as previously described 136 (Frendo et al., 2001) . The controls, which consisted of omitting the primary antibody or applying the 137 non specific IgG of the same isotype, were all negative.
139
Immunoblotting 140 Cell extracts were prepared as previously described (Alsat et al., 1996) . Protein (70 g) was 141 solubilized in RIPA (radioimmunoprecipitation) buffer (50 mM Tris, 150 mM NaCl, 1% Triton X100, 142 1% deoxycholate, 0.1% SDS, pH: 8), and stained markers were submitted to 7.5% SDS-PAGE and 143 transferred to nitrocellulose sheets. Membranes were immunoblotted with two polyclonal antibodies 144 against LH/CG-R, LHR-K15 (goat anti human, Santa Cruz Biotechnology Inc, CA, USA) and LHR-145 H50 (rabbit anti human, Santa Cruz Biotechnology Inc, CA, USA) at 2 g/ml each, and the specific 146 band was revealed by chemiluminescence (West Pico Chemiluminescent, Pierce, Rockford, IL, USA) 147 after incubation with an anti-goat or anti-rabbit peroxidase-coupled antibody (Jackson Immuno 148 Research, Baltimore, USA). To detect actin, cytokeratin 7, hCG and hPL, we proceeded as described 149 above, except that proteins were immunoblotted with rabbit polyclonal antibody at 0.7 g/ml for actin 150 (Sigma-Aldrich, MO, USA), rabbit polyclonal antibody at 0.4 g/ml for hCG and 0.32 g/ml for hPL 
Human villous trophoblast differentiation in vitro 259
We used the primary cell culture model of villous cytotrophoblasts isolated from term placenta 260 (Kliman et al., 1986; Alsat et al., 1991) . Figure 1 shows purified cytotrophoblasts cultured on plastic 261 dishes for 24 and 72 hours. Mononuclear cytotrophoblasts fused and formed multinucleated 262 syncytiotrophoblasts, 72 hours after plating (Kliman et al., 1986) . Syncytiotrophoblast formation was 263 associated with a significant increase in hCG and hPL levels in the culture medium (Fig. 1 I) .
264
Concomitantly, immunostaining for hCG ( Fig. 1 A and B) and hPL ( Fig. 1 F and H) showed an 265 increase in intensity during in vitro syncytiotrophoblast formation. HPL, expressed mainly by the 12 syncytiotrophoblast (Handwerger, 1991) , was detected by immunostaining at 72 h ( Fig. 1 D and H) 267 but not at 24 h ( Fig. 1 C and F) . Immunostaining of cytokeratin 7, expressed by trophoblastic cells 268 (Blaschitz et al., 2000) , was positive at 24 h ( Fig. 1 C and E) and 72 h ( Fig. 1 D and G) .
269
These results showed that differentiation of isolated cytotrophoblasts into a syncytiotrophoblast is 270 associated with an increase in the expression and secretion of hCG and hPL, hormones mainly 271 synthesized by the syncytiotrophoblast. (Fig. 2 E) . To validate this observation, 283 western-blot analysis was performed on extracts of cytotrophoblasts (24 h) and syncytiotrophoblasts 284 (72 h) ( Fig. 3 A) . At 24 h and 72 h of culture, two major bands with molecular masses (estimated from 285 SDS gels) of 65-75 kDa and 85-95 kDa were observed, as described in other cellular models and in 286 mammalian cells transfected with LH/CG-R cDNA. In the literature, the 85-95 kDa band corresponds 287 to the mature LH/CG-R present at the cell surface, and the 65-75 kDa band is the precursor of the cell-288 surface receptor (for review see Ascoli et al., 2002) .
289
Our results show that the expression of the mature LH/CG-R and its precursor (respectively designated 290 m and p in Fig. 3 A) decreases during cytotrophoblast differentiation. At the same time, actin 291 expression remains constant. Normalization of mature LH/CG-R protein expression to actin 292 expression showed a significant decrease (58.6 ± 6.7%; p< 0.0001) in cell-surface receptor expression.
293
We obtained similar results with the two antibodies used (LHR-K15 and LHR-H50).
13
Interestingly, in the same cellular extracts, the decrease in precursor and mature LH/CG-R expression 295 coincided with an increase in hCG and hPL expression ( Fig. 3 A) .
296
To further characterize LH/CG-R expression during trophoblast differentiation, we performed 297 immunoprecipitation (IP) with anti-human LH/CG-R antibody (K15). Cellular extracts were purified 298 by immobilized anti-receptor antibody (IP) and eluates were analyzed by SDS-PAGE and 299 immunoblotting using the receptor-specific antibody (K15). A 90 kDa band corresponded to the 300 mature form of LH/CG-R (m), and a major band of 75 kDa corresponded to the precursor (p).
301
To determine which molecular form of the receptor bound the hormone, we used 125 I-hCG in ligand-302 blot experiments (Fig. 3 B) . Incubation of the IP blot with 125 I-hCG (10 -11 M) revealed a major band of 303 90 kDa. This band was absent when the blot was incubated with an excess of unlabeled hCG (10 -6 M),
304
showing that the 90-kDa LH/CG-R specifically binds the hormone. In these conditions, 125 I-hCG 305 binding to the mature form of the receptor (90 kDa) was lower in the syncytiotrophoblast than in 306 cytotrophoblasts.
308

Decrease in LH/CG-R mRNA expression during in vitro trophoblast differentiation
309
We conducted semi-quantitative RT-PCR experiments with two different sets of primers (P1 and P2) 310 (for primer positions see Fig. 4 A) . To avoid contamination by genomic DNA, each primer was 311 located on a separate exon and RNA extracts were pretreated with DNAse I.
312
As shown in figure 4 B, amplification of the 647-bp and 282-bp fragments, obtained with primers P1 313 and P2 respectively, indicated that LH/CG-R mRNA was significantly less abundant in the 314 syncytiotrophoblast (72 h) than in cytotrophoblasts (24 h). No significant difference was noted in the 315 actin mRNA level. We obtained similar results with the two sets of primers. The amplification 316 products were then purified from the agarose gel and cloned into the pCRII-TOPO vector. Sequencing 317 confirmed that both the 647-bp and 282-bp fragments were part of the human LH/CG receptor.
318
Normalization of LH/CG-R mRNA to actin mRNA after RT-PCR with primer sets P1 and P2 showed 319 a significant decrease in LH/CG-R mRNA levels during differentiation (Fig. 4 C) . With the P1 320 primers, LH/CG-R mRNA levels fell from 0.33 ± 0.01 at 24 h to 0.13 ± 0.01 at 72 h (p< 0.0001). A 321 similar decrease was observed with the P2 primers (from 0.82 ± 0.02 at 24 h to 0.36 ± 0.01 at 72 h; p< 322 14 0.0001). Although the amplification product obtained with primers P2 appeared to be at least twice as 323 abundant as that obtained with primers P1 (probably because the P2 amplicon is about half the length 324 of the P1 amplicon), the size of the decrease in LH/CG-R levels at 72 h was similar with the two 325 primer sets (respectively 2.5-and 2.3-fold). In order to confirm the reduction in functional mature hCG receptor expression at the 337 syncytiotrophoblast surface compared to the cytotrophoblast surface, we determined cAMP production 338 in response to an effective hCG concentration for 20 min (Fig. 6) . As cAMP is a second messenger for 339 hCG signaling in trophoblastic cells, the decrease in LH/CG-R transcript and protein levels ought to be 340 associated with a decrease in cAMP production. Determination of the most effective hCG 341 concentration was carried out by stimulating trophoblasts with 10 -12 M to 10 -6 M hCG; 10 -8 M hCG was 342 the most effective concentration (data not shown). As shown in figure 6, hCG-stimulated cAMP 343 production by trophoblasts was higher at 24 h than at 72 h of culture (p= 0.0021). Trophoblast 344 stimulation by hCG (10 -8 M) at 24 h of culture induced at least a 2-fold increase in cAMP production 345 compared to the basal level (p= 0.0016), but did not induce detectable cAMP production at 72 h of 346 culture (p= 0.7644). In contrast, epinephrine (which stimulates camp production and is used as a 347 positive control) induced similar cAMP production at 24 h and 72 h of culture, indicating that the cells 348 were functional and that the decrease in cAMP production observed at 72 h was not due to a defective 349 cAMP pathway.
350
Immunolocalization of LH/CG-R in villous sections
351
These in vitro findings were confirmed by examining placental LH/CG-R expression in situ, on villous 352 sections. First-trimester placenta was chosen because cytotrophoblasts are more abundant than at other 353 stages of pregnancy and form a continuous layer.
354
LH/CG-R was detected in villous cytotrophoblasts and syncytiotrophoblasts. Use of a polyclonal 355 antibody raised against the extracellular domain of human LH/CG-R showed that LH/CG-R is mainly 356 expressed by the cytotrophoblast layer ( Fig. 7 A) . Weaker staining was observed in the 357 syncytiotrophoblast (ST). LH/CG-R was also expressed by perivascular cells (VC) of the villous core. 
361
Interestingly, strong hCG immunostaining was observed in the syncytiotrophoblast (Fig. 7 B) while 362 cytokeratin 7 was mainly located in the cytotrophoblast layer ( Fig. 7 C) . is lower in syncytiotrophoblasts than in cytotrophoblasts and that this down-regulation is associated 373 with an apparent decrease of receptor activation by its specific hormone. These results differ from 374 those of two previous studies published by CV. Rao, who described stronger expression of LH/CG-R 375 in syncytiotrophoblasts than in cytotrophoblasts (Reshef et al., 1990; Lei and Rao, 1992) . This 376 divergence may come from the use of different tools. Anti-human LH/CG-R antibodies were not 377 available in the early 1990s, and most immunohistochemical and western-blotting studies used 378
